The aim of this study was to evaluate the antimicrobial activity of bio-oil (obtained by pyrolysis of biomass: soybean oil, eucalyptus sawdust and coffee grounds) added to the blend B10 (diesel and biodiesel). The bio-oil is compatible to diesel oil and it contains promising compounds that can exhibit antimicrobial activity during fuel storage. We evaluated the antimicrobial activity of bio-oil added to diesel oil B10 by determining the minimum inhibitory concentration at different concentrations (0-10%) using oil-deteriorating microorganisms for 10 days at 30 °C. Bio-oil was separated from the aqueous phase by solid phase extraction using ultrapure water and sodium hydroxide. The aqueous phase containing the solubilized compounds of bio-oil was characterized by comprehensive two-dimensional gas chromatography with time-of-flight mass spectrometric detection. Minimum inhibitory concentration in the range of 0.25% to 4% was observed for the tested inocula. The chromatographic analysis of both extracts allowed the identification of several oxygenated compounds, which the majority of the analytes consisted of phenolic compounds, followed by ketones.
Introduction
Oil and coal are responsible for most power generated in the world. However, in view of the limitation of these fossil energy sources and the environmental issues involved, the search for new renewable energy sources is becoming more intense. For this reason, there is great interest in the exploitation of biomass energy for producing liquid fuels for transportation sector. 1 The biomass consists of a natural resource comprising all organic material capable of being transformed into energy. One process used for this transformation is through pyrolysis, the heat-mediated decomposition of organic matter in the absence of oxygen, generating solid, gaseous and fluid products, such as the widely explored bio-oil. This product is particularly promising for being a biofuel that can be used as a component in the formulation of diesel oil. 2, 3 Another form of biomass energy, however, resulting from transesterification, is biodiesel. In Brazil, law 11.097 made the addition of biodiesel to diesel oil mandatory, and since then biofuel is effectively part of the national energy matrix. The addition of biodiesel to diesel, at variable proportions, is called diesel oil B, currently used at 7% (B7).
During the storage of fuels (diesel oil, gasoline, biodiesel, and blends thereof), there can be favorable conditions for microbial growth, for example, the presence of free water in the storage tanks. This can result from air condensation or an ineffective sealing of the system. Once water is accumulated in the tank, microbial growth sets in, leading to the formation of a biological mass at the fuel-water interface. As a direct consequence the product is deteriorated, the system equipment is clogged and the walls of tanks and pipes are corroded. The latter occurs due to acids released during the metabolism of these microorganisms. [4] [5] [6] Preventive measures to avoid these problems (Associação Brasileira de Normas Técnicas, ABNT NBR 15.512:2014) 7 have been suggested, e.g., water drainage and periodic cleaning of the tanks. Although these physical measures to control contamination, chemical measures are more effective in the eradication of microorganisms. In some cases, the use of antimicrobial products (biocides) is indicated, i.e., organic or inorganic chemical compounds which, when added to fuels, can control and eliminate microbial contamination. 5 However, this practice is not legal in Brazil, since there are many doubts in oil and petroleum sector concerning their use in fuels.
It is a great challenge for research and industry to find a compound with the ability to inhibit microbial growth without affecting the fuel quality and characteristics. Bio-oil meets these demands, since tests with diesel engines were successful. 8 In addition, some studies indicate the presence of antimicrobial activity for being phenolic compoundsrich, thus representing an alternative preservative. [9] [10] [11] [12] The aim of this study was to evaluate the antimicrobial potential of bio-oil when added to B10 blend (diesel and biodiesel) with oil-deteriorating microorganisms and to characterize bio-oil soluble compounds in the aqueous phase by two-dimensional gas chromatography with time-of-flight mass spectrometry (GC×GC/TOF MS) detection, to identify the compounds responsible for the antimicrobial action.
Experimental

Bio-oil
Bio-oil used was produced as described by Cataluña et al. 8 using a fixed bed reactor, immobilized with a 1:1:1 (v/m/m) mixture of soybean oil, coffee grounds and eucalyptus sawdust, using the binders calcium hydroxide [Ca(OH) 2 ] and sodium hydroxide (NaOH) in an inert argon atmosphere at a heating rate of 10 °C min −1 from room temperature to 700 °C, maintaining this temperature for 15 min. 8 
Fuels
The following fuels were used: low sulfur content (50 ppm) diesel oil (diesel A) and biodiesel, 80% soy and 20% tallow (v/v), provided by Ipiranga Produtos de Petróleo S/A (Porto Alegre, RS, Brazil), and Granol Indústria Comércio e Exportação S/A (Porto Alegre, RS, Brazil), respectively. In the laboratory, biodiesel (B100) was blended with diesel oil to prepare a 10% (v/v) biodiesel blend (B10). The blend was sterilized by vacuum filtration through membrane pores (0.22 µm, Millipore, Merck), using a sterilized Büchner flask, autoclaved for 15 min at 121 °C and 1 atm. Thereafter, the fuel was stored in vials sterilized in the same way and then hermetically sealed. To avoid photo-oxidation, the vials were protected from light with aluminum foil and stored at room temperature.
Microorganisms
In this study we used oil-deteriorating microorganisms isolated from diesel and biodiesel storage tanks in Brazil. These species are included in the bacteria and mycology collection of the Laboratory of Fuel and Biofuel Biodeterioration (Universidade Federal do Rio Grande do Sul, RS, Brazil). [13] [14] [15] The studied microorganisms were a filamentous fungus (Paecilomyces variotii) isolated from biological sludge obtained from fuel storage tanks; 15 a yeast (Candida silvicola) isolated from a diesel oil tank; 13 and a bacterium (Bacillus pumilus) previously isolated from sediment resulting from biodiesel centrifugation.
Preparation of inoculum from the isolated microorganisms
The inoculum of the filamentous fungus Paecilomyces variotii was prepared from 7 days old cultures on agarmalt agar in inclined tubes in an incubator at 29 ± 1 °C, by adding 2 mL sterile saline (0.85%) and 2 mL of surfactant 
Preparation of uncharacterized inoculum
Uncharacterized inoculum was prepared according to American Society for Testing and Materials (standard practice ASTM E1259). 16 Briefly, 2% of blend B10 (previously filtered and sterilized) was added to 100 mL Bushnell-Haas mineral medium in an Erlenmeyer flask, which was then inoculated with 5 mL of microbiological sludge from a contaminated tank. The flask was incubated in an orbital shaker (CIENTEC CT-712, Belo Horizonte, MG, Brazil) at 30 °C and 200 rpm for 7 days. The final cell concentration in the bottles was 10 5 colony-forming unit (CFU) mL −1 .
Evaluation of antimicrobial activity
After sterilizing B10, the blend was enriched with different concentrations of bio-oil (0% to 10%) to evaluate the minimum inhibitory concentration (MIC). The experiment was carried out in sterilized 15 mL glass vials, using an aqueous and an oily phase. The composition of the aqueous phase varied according to the microorganism; the bacterium was grown on Luria-Bertani medium and the fungus on malt broth. For the uncharacterized inoculum we used Bushnell-Haas mineral medium. 17 After sterilization of the culture media, 2 mL of this medium and 2 mL of Vol. 27, No. 1, 2016 different concentrations of blends of bio-oil and B10 were added to each glass flask. The experiment was carried out in quadruplicate. Finally, the inoculum was added at a concentration of 10 5 spores or cells mL −1 prepared as described above and the flasks were sealed with sterile cotton and placed in an incubator at a temperature of 30 °C for 10 days.
Analyses Evaluation of the minimum inhibitory concentration
The MIC was determined by the broth dilution method (single dilution series), where the biofilm formation and the turbidity of the media in the flask were observed by naked eye. 16 
Solid phase extraction of bio-oil
For the characterization of the soluble bio-oil compounds in the aqueous phase, which possibly contribute to its antimicrobial effect, solid phase extraction (SPE) was performed. Samples were prepared by two procedures. First, a test tube was filled with 0.5 mL of bio-oil and 5 mL of ultrapure water. The solution was stirred and the separation of phases awaited. Then, the aqueous phase was collected, and was passed through a solid-phase extraction cartridge of octadecyl-bonded silica (C 18 ; Agilent Technologies; 500 mg per 3 mL), which was previously prepared by adding 4 mL methanol under vacuum in a Büchner flask and washed with 20 mL of ultrapure water. After preparing the cartridge, the samples were percolated in sequential fractions of 1 mL (total of 5 mL). After drying the cartridge, the analytes were eluted with 5 mL of dichloromethane (DCM) and 5 mL of chloroform. In parallel, the same procedure was performed with 1 mol L −1 NaOH solution instead of ultrapure water. The extracts were transferred to a beaker containing DCM for solubilization. After evaporation of the solvents, the samples were chromatographically analyzed. The procedures were performed in duplicate.
Analysis of chromatographic extracts
Analyses were performed with two-dimensional gas chromatography with time-of-flight mass spectrometry (GC×GC/TOF MS), using a Pegasus-IV system (LECO Corporation, MO, USA) equipped with a liquid nitrogen quad-jet modulator and a CTC CombiPAL Autosampler. The columns used in the first and second dimensions were: a DB-5 column (5% phenyl, 95% dimethylpolysiloxane, length 60 m, inner diameter 250 µm, phase thickness 0.25 µm), and a DB-17 column (50% phenyl, 50% dimethylpolysiloxane, length 2.15 m, inner diameter 180 µm, phase thickness 0.18 µm; Agilent Technologies, J & W Scientific, Agilent, CA, USA). The carrier gas was helium under a constant flow rate of 1 mL min −1 and the sample injection volume was 1 µL. The injection temperature was 280 °C and the samples were injected in splitless mode. The temperature program of the first column was set to begin at 40 °C for 1 min at a heating rate of 3 °C min −1 until reaching the final temperature of 300 °C. The compounds were identified using software ChromaTOF version 3.32 (LECO Corporation, MO, USA), as described by Cataluña et al. 
Results and Discussion
The different concentrations of bio-oil in blend B10 were evaluated for antimicrobial activity for 10 days and the results of the MIC are listed in Table 1 .
After 10 days of incubation with the filamentous fungus Paecilomyces variotii, the MIC rose from 2% to 4%, which was also clearly inhibitory for the yeast Candida silvicola (Figures 1a and 1b, respectively) . Figure 1a shows the formation of biomass at the wateroil interface, which is characteristic of the development of filamentous fungus, due to the set of hyphae (vegetative fungal structures). The growth of fungus Paecilomyces sp. was evaluated in other diesel blends and biodiesel B5, B10 and B20, and in pure biodiesel by Bücker et al. 15 Cazarolli et al. 18 also evaluated the oil-deteriorating capacity of this microorganism, but in the presence of pure soybean biodiesel (B100), biomass formation was clearly observed at the water-oil interface. 18 No growth was observed in the reagent flask at a concentration of 4% bio-oil (Figure 1a) . Probably, in the flask containing the mixture at a concentration of 3% bio-oil, the fungus tolerated the presence of bio-oil compounds. However, at a concentration of 4%, growth was inhibited and also eradicated. It is possible to indicate that for Paecilomyces variotii the minimum inhibitory concentration was 4% after 10 days of incubation. Candida sp. has often been cited for its ability to degrade products derived from diesel oil, kerosene, lubricating oil, and biodiesel. 13, 15, 19, 20 The species C. silvicola was therefore tested in this experiment. The MIC was measured by the turbidity of the aqueous medium ( Figure 1b) . As for P. variotii, MIC for C. silvicola was 4%.
In our assessment, after 10 days of incubation the MIC for the oil-deteriorating bacterium Bacillus pumilus was 1% (Figure 1c and Table 1 ). Species of the genus Bacillus are characterized as Gram-positive, forming endospores and are strict or facultative aerobes. 21 Spore-forming are known to be more resistant than non-spore-forming species.
For the uncharacterized inoculum, MIC was 0.25% ( Figure 1d and Table 1 ). These results were lower than for groups of microorganisms evaluated separately. The use of an uncharacterized inoculum has been recommended by ASTM E1259
16 for antimicrobial assessments of fuels. Uncharacterized inoculum was collected from tanks contaminated with microorganisms, which was assumed to be an oil-deteriorating microbial population. No survey investigated which species were actually present, but the results indicated that bio-oil components at a concentration of 0.25% were effective to inhibit the microbial population. These results suggested that the microbial community used in this evaluation was highly sensitive to bio-oil components. 6, 15 It must be remembered that the uncharacterized inoculum has different microorganisms with different capabilities of growing under limited conditions, so it might be suggested that the microorganisms present in this consortium could compete among them for energy source, leading to the decrease of viable microorganisms.
The bio-oil used in this study resulted from pyrolysis of the biomass of soybean oil, eucalyptus sawdust and coffee grounds. 8 The use of GC×GC/TOF MS characterization of the compounds found in crude bio-oil allowed the identification of the following chemical classes: ketones, alcohols, ethers, phenols, aliphatic and aromatic hydrocarbons, and nitrogen compounds. The mostrepresented compounds were ketones and nitrogen. The compounds from the aqueous phase were SPE-extracted to analyze the compounds of bio-oil that were solubilized in aqueous media and had antimicrobial activity, since the microorganisms developed in the oil-water interface or in the aqueous phase. Table 2 shows the results for the SPE extract obtained with ultrapure water and NaOH by GC×GC/TOF MS ( Figure S1 and S2 of Supplementary Information section, respectively). The compounds were tentatively identified when the similarity between the sample and library spectra was greater than 750 and after a detailed analysis of the spectra. In total, 278 peaks were tentatively identified with ultrapure water, and the largest class contained ketones (56 compounds), followed by nitro compounds (48 compounds). The results for the use of 1 mol L −1 NaOH solution to extract the compounds from the aqueous phase of bio-oil are also shown in Table 2 .
The results showed a total number of tentatively identified compounds of 178, i.e., 100 compounds less than when ultrapure water was used for extraction. The major class contained phenols, most represented both with regard to the number of compounds (72) and the area (78.6%). Comparing these results with those of extracted with ultrapure water, it was found that the latter was more effective than NaOH solution with regard to the largest number of compounds extracted for all classes (Table 2) .
Specific isomer structural assignment is not possible in the absence of authentic standards. It is only possible to determine the number of carbons in the side chain but not the exact position of it. Tables 3 and 4 shows the tentatively identified phenolic compounds, their molecular formula and area %.
However, with regard to the percentage of extracted phenolic compounds, the extraction efficiency of SPE with NaOH was higher than with water. The results suggested that the presence of phenol may be related to fungal growth inhibition, since the oxygenated compounds, including phenolic compounds, are concentrated in the aqueous phase by affinity. Similar results were obtained by Mohan et al. 11 in an assessment of the antifungal capacity of bio-oil resulting from pyrolysis of sawdust and its lignin-rich fractions obtained by extraction with ethyl-acetate. These authors observed that the extract, which contained more phenolic compounds, had a greater fungicidal effect on the fungi tested than pure bio-oil.
Several studies suggested the efficacy of phenolic compounds derived from lignin as antimicrobial agents.
11, 22, 23 In many cases, bio-oil was tested as an alternative wood preservative, in view of its growth-inhibiting capacity of oil-deteriorating microorganisms. 9, 11, 24 Also the insecticidal activity of pyrolysis bio-oils from coffee grounds has previously been studied. 12 Probably the different components of most biomass materials, lignin rich sawdust and coffee grounds, can synergistically produce a potent bio-oil antimicrobial. Further tests are required to identify which biomass material produce the bio-oil with the strongest antimicrobial activity.
The hydroxyl (−OH) groups of phenolic compounds were described for their inhibitory action, since these groups can interact with the cell membrane and break the structures thereof, causing leakage of intracellular components. 25, 26 Active groups such as hydroxyls (−OH) promote electron movement in the membrane, acting as electron exchangers and causing a reduction in the electron gradient across the membrane. This process causes the collapse of the protondriving force and the decrease of adenosine triphosphate (ATP) and ultimately leads to cell death. 27 Similarly, Farag et al. 28 reported that these hydroxyl groups can easily connect to the active site of enzymes altering the cellular metabolism of microorganisms. The above modes of action illustrate the importance of phenolic compounds and their hydroxyl groups in the antimicrobial activity. 28 Oliveira et al. 29 studied phenolic extracts and their antifungal effect on the Aspergillus flavus and observed that the development of the filamentous fungus was inhibited by the action of the extracts. 29 Aside from the filamentous fungi, yeasts were also inhibited in studies conducted by Kim et al. 30 by thymol, a phenolic essential oil found in oregano. 30 The same compound was tested on Saccharomyces cerevisiae, in which a minimum inhibitory concentration of 128 µg mL −1 of thymol was found. 31 Compared with the MIC values for fungi, the bacterium Bacillus pumilus responded to a lower concentration of bio-oil, being more susceptible to the presence of phenols. Possibly this was due to the cellular makeup. The cell wall of Gram-positive bacteria consists of a thick peptidoglycan The differences between the cell envelopes of the different microorganisms may have influenced the values of MIC. Phenolic compounds, known to destabilize the cytoplasmic membrane of microorganisms, may have affected the bacterial membrane more effectively than that of the fungus evaluated in this test, with a consequently lower value of MIC of bio-oil. 32 The endospores in Gram-positive bacteria are characterized by different coating layers that are rigid and highly resistant to several physical and chemical elimination methods, including phenolic compounds. The endospores are mostly eliminated by exposure to high temperature for a long time. In this study, it was observed that bacterium B. pumilus was not resistant to the phenols, with relatively low MIC (0.5%), compared to that of fungus. Most likely, the bacteria were probably unable to form spores in this environment under these conditions.
Walsh et al. 33 investigated the antibacterial activity and the action mechanisms of two phenolic compounds and found leakage of components through the cell membrane of the bacteria Escherichia coli and Staphylococcus aureus, i.e., both Gram-negative as well as Gram-positive bacteria were affected by the action of phenolic products. 33 Dong et al. 34 observed inhibition of gram-positive bacteria (S. aureus and Listeria monocytogenes) when using phenolic extract from bio-oil of corn stover residue (lignin-rich). However, in the tests using E. coli O157:H7 and Salmonella enteritidis, both Gram-negative, no antimicrobial action of the phenolic extract was observed.
34
Conclusions
Depending on the challenge organisms used, inhibition ranges of 0.25 to 4% were observed for bio-oil added to mixture B10. The major class of compounds from both extracts (with ultrapure water and NaOH solution) was that of phenols followed by ketones. However, ultrapure water extracted a greater diversity of compounds than NaOH (278 vs. 178 compounds, respectively).
In Brazil, the diesel and biodiesel (in its pure form) must comply with physical and chemical specifications established by the National Agency Petroleum, Natural Gas and Biofuels (ANP) and the mandatory percentage is the blend B7 (7% of biodiesel in petrol diesel). The use of biocides as agents to control microbial contamination in fuel storage tanks is still a relatively unknown option for the oil sector in Brazil, with many questions to be clarified. Which biocide is better in a particular case? What concentration should be used? How can a particular phase (oil, interface or aqueous) be treated? How long is the preservation time? How should the aqueous phase from biocide treated diesel and biodiesel tanks be safely discarded? 6 In case of the bio-oil from pyrolysis be recognized with the antimicrobial properties, it is important and desirable that its addition to the fuel does not cause any reaction that compromises characteristics as ignition, lubricity and flammability. Effects on emissions, filterability and corrosion potential to other fuel distribution components have to be evaluated, as well.
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